1 1 6 n e r g i e p a r choc v a r i e comme l a masse de l a b i l l e e t l e c a r r e de l ' a m p l i t u d e e t de l a frkquence de v i b r a t i o n du p l a t e a u . Le t o u t e s t r e d u i t d'un f a c t e u r d ' e f f i c a c i t e du t r a n s f e r t q u i depend, e n t r e a u t r e s , de l a r i g i d i t 6 r e l a t i v e de l a b i l l e p a r rapport au materiau t r a i t & . La frCquence des c o l l i s i o n s e n t r e l a b i l l e e t l e materiau v a r i e comme l ' a m p l i t u d e e t l a frequence de v i b r a t i o n du p l a t e a u e t comme l ' i n v e r s e de l a g r a v i t e t e r r e s t r e . Pour t e s t e r l ' i n f l u e n c e de ces param&tres s u r l a s t a b i l i s a t i o n p a r broyage de phases m e t a s t a b l e s , un d i s p o s i t i f o r i g i n a l a e t 6 c o n s t r u i t , q u i permet e n t r e a u t r e s , de proceder des broyages prolongks sous bon v i d e . Les r e s u l t a t s p r e l i m i n a i r e s obtenus s u r NiloZr7 montrent l 'importance du f a c t e u r d ' e f f i c a c i t e pour a t t e i n d r e une amorphisation compl&te du materiau. Sous bon vide, il e s t p o s s i b l e d ' o b t e n i r une f e u i l l e continue de materiau amorphe.
A b s t r a c t : W e propose a simple model of energy t r a n s f e r i n t h e course of b a l l m i l l i n g i n a v i b r a t i n g frame device : t h e energy t r a n s f e r r e d per impact goes a s t h e mass of t h e b a l l and t h e square of t h e amplitude and frequency of v i b r a t i o n of t h e frame. A reduction e f f i c i e n c y f a c t o r must be introduced, which depends on t h e b a l l r i g i d i t y with r e s p e c t t o t h a t of t h e m a t e r i a l being processed. The frequency of impact between t h e b a l l and t h e m a t e r i a l goes a s t h e amplitude and frequency of v i b r a t i o n of t h e frame and a s t h e inverse of t h e t e r r e s t r i a l g r a v i t a t i o n constant. For assessing t h e r o l e of t h e above parameters i n s t a b i l i z i n g metastable phases by b a l l milling, a new device has been b u i l t which allows t o keep good vacuum during long time m i l l i n g t r e a t m e n t s . Preliminary r e s u l t s on NiloZr7 point t o t h e c r u c i a l r o l e of t h e e f f i c i e n c y f a c t o r i n reaching f u l l amorphization. Under good vacuum, continuous f o i l s of amorphous m a t e r i a l can be obtained.
A s d i s c u s s e d i n a companion paper /l/ , t h e formation of a non e q u i l i b r i u m phase under b a l l m i l l i n g can be viewed a s an example of a dynamical phase t r a n s i t i o n i n a forced system. The s t a b i l i t y f i e l d of such phases must be looked f o r i n t h e a p p r o p r i a t e c o n t r o l parameters space. W e suggested t h a t b e s i d e s t h e t e m p e r a t u r e and a l l o y composition, such parameters a s t h e energy per impact and t h e impact frequency should play a c r u c i a l r o l e i n s t a b i l i z i n g non e q u i l i b r i u m p h a s e s . The l a t t e r two q u a n t i t i e s a r e easy t o a d j u s t i n a v i b r a t i n g frame device. The purpose of t h i s note i s t o give a very simple mechanistic model of m i l l i n g i n such a device, and t o p r e s e n t preliminary r e s u l t s obtained on a modified m i l l we developed a t Saclay.
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For the sake of simplicity, we consider a vibrating frame on which a vial is attached. The vial contains powder and a single ball of mass m (specific mass p) and radius R. The frame vibrates sinusoYdally with a pulsation 61 and amplitude A ; g is the terrestrial acceleration constant. We assume, for the time being, that every time the ball hits the powder, the kinetic energy of the ball with respect to the frame is fully absorbed by the powder : under such circumstances, the movement of the ball is periodic in time. 
I t i s e a s i l y found t h a t :
-t h e v e l o c i t y of t h e b a l l , a s it l e a v e s t h e frame, i s :
-t h e l a t t e r f i x e s t h e h e i g h t h reached by t h e b a l l i n t h e l a b o r a t o r y ( h = vbi2 / 2 g ) , t h e time 2 needed f o r t h e b a l l t o f a l l back on t h e frame :
-t h e a v e r a g e k i n e t i c energy of t h e b a l l r e l a t i v e t o t h e frame a t t h e c o l l i s i o n i s (assuming a random dephasing of t h e b a l l movement with r e s p e c t t o t h a t of t h e frame) :
where vf s t a n d s f o r t h e v e l o c i t y of t h e frame, and <> h o l d s f o r t h e average over long t i m e s . Simple a l g e b r a y i e l d s :
f o r t h e energy p e r impact ; -Eqs. 2 and 3 y i e l d t h e mechanical power t r a n s f e r e d t o t h e m a t e r i a l undergoing t h e c o l l i s i o n :
-t h e amout of m a t e r i a l being s t r a i n e d a t a c o l l i s i o n i s : ui-4.n R r 2 ( 5 ) where r i s t h e r a d i u s of t h e g r a i n s of powder ( s e e f i g . 1 ) ;
-a s a r e s u l t , t h e s p e c i f i c power i n j e c t e d i n t o t h e m a t e r i a l i s :
The parameter a i s a r e d u c t i o n f a c t o r , which accounts f o r two e f f e c t s :
-t h e amount of m a t e r i a l , V , ( e q . 5)which i s s t r a i n e d a t a c o l l i s i o n , i s o n l y a f r a c t i o n of t h e t o t a l amount of m a t e r i a l b e i n g p r o c e s s e d ; assuming p e r f e c t mixing of t h e powder between two impacts r e s u l t s i n t h e f o l l o w i n g expression :
with m ' and p ' f o r t h e mass and d e n s i t y of t h e powder i n t h e j a r r ;
-a t t h e c o l l i s i o n , t h e impact energy i s n o t t o t a l l y t r a n s f e r r e d t o t h e powder; p a r t of it i s absorbed by p l a s t i c and e l a s t i c deformation of t h e b a l l ; t h e f r a c t i o n of t h e impact energy t r a n s f e r r e d t o t h e powder i s a', a number which i s m a t e r i a l dependent.
Typical v a l u e s a r e a s f o l l o w s :
A = lmm, w = 314 r a d / s e c . , m = 1 Kg, R = 2 . 5 cm, r = 1 pm : p =some eV/ atom/ second t i m e s a . The l a t t e r r e d u c
t i o n f a c t o r i s unknown. Most of t h e above power i s d i s s i p a t e d i n t o h e a t , a s m a l l f r a c t i o n of it (some % ) w i l l r e s u l t i n p o i n t -d e f e c t s o r a n t i s i t e d e f e c t s c r e a t i o n / 2 / .

Such f i g u r e s a r e t y p i c a l of power i n j e c t i o n s i n t o t h e l a t t i c e during high energy h i g h i n t e n s i t y i r r a d i a t i o n s w i t h charged p a r t i c l e s ( e . g . i n a high v o l t a g e e l e c t r o n microscope) / 3 / . The l a t t e r s a r e known t o induce phase
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COLLOQUE DE PHYSIQUE o h a n g e s , s u c h a s p r e c i p i t a t e f o r m a t i o n o r d i s s o l u t i o n , o r d e r -d i s o r d e r t r a n s i t i o n s , a m o r p h i z a t i o n o r c r y s t a l l i z a t i o n .
F o r a s s e s s i n g w h e t h e r t h e t y p e o f p h a s e t o b e s t a b i l i z e d by b a l l m i l l i n g c a n b e r a t i o n n a l i z e d i n t e r m s o f i n j e c t e d power a n d o f impact f r e q u e n c y , w e e q u i p e d a v i b r a t i n g frame and s t a r t e d s t u d y i n g t h e c o n d i t i o n s f o r b a l l m i l l i n g a m o r p h i z a t i o n o f N i l o Z r 7 , much i n t h e same way a s i n r e f .
/ l / ; comparing t h e m i l l i n g c o n d i t i o n s f o r a m o r p h i z a t i o n under b o t h t y p e s o f m i l l i n g ( p l a n e t a r y a n d v i b r a t i n g f r a m e ) w i l l h e l p c h o o s i n g t h e p r o p e r c o n t r o l p a r a m e t e r s of t h e dynamical s t a t e o f t h e a l l o y under m i l l i n g . W e now g i v e p r e l i m i n a r y r e s u l t s .
FIRST RESULTS
3a-E x p e r i m e n t a l p r o c e d u r e :
F o r t h e s a k e o f comparison w i t h t h e r e s u l t s o b t a i n e d i n r e f . ( l ) , we s t a r t e d w i t h a N i l o Z r 7 compound p r o d u c e d b y l e v i t a t i o n m e l t i n g i n t h e l a b o r a t o r y , s t a r t i n g from 9 9 . 9 % p u r i t y m a t e r i a l . T y p i c a l l y , p i e c e s o f i n g o t w e i g h t i n g a p p r o x i m a t e l y 5 grams were i n t r o d u c e d i n t o a m o d i f i e d v i a l o f a
" P u l v e r i s e t t e 0" v i b r a t i n g frame manufactured by FRITSCH.
F i g . 2 : Modified V i a l a t t a c h e d t o t h e frame.
F o r g r i n d i n g i n vacuo o r under a c o n t r o l l e d atmosphere, t h e v i a l was m o d i f i e d a s c a n b e s e e n on f i g s . l , 2 . S t a t i c vacuum b e t t e r t h a n some 1 0 -~ T o r r s c o u l d be k e p t f o r a t l e a s t 130 h o u r s m i l l i n g t i m e . The v i a l s and b a l l s a r e e i t h e r made o f t u n g s t e n c a r b i d e (WC) o r of quenched s t e e l (QS) . T y p i c a l w e i g h t o f t h e b a l l i s 1 Kg, which c o r r e s p o n d s t o a b a l l d i a m e t e r of a p p r o x i m a t e l y 50 mm and 63 mm f o r WC and QS r e s p e c t i v e l y .
The v i b r a t i o n a m p l i t u d e ( 2 A i n e q s . 3-7) r a n g e d from . 5 t o 2 . 5 mm, most e x p e r i m e n t s b e i n g done w i t h 1 mm. The v i b r a t i o n f r e q u e n c y was 50 Hz.
M i l l e d m a t e r i a l was a n a l y s e d by X r a y d i f f r a c t i o n a n d , i n some c a s e s , o b s e r v e d b y e l e c t r o n m i c r o p r o b e , a n d s c a n n i n g o r t r a n s m i s s i o n e l e c t r o n microscopy.
3b-E x p e r i m e n t a l r e s u l t s
The r e s u l t s o b t a i n e d depend b o t h on t h e t y p e o f a t m o s p h e r e and on t h e n a t u r e of t h e b a l l (WC o r QS) .
A t early t i m e s , t h e f o l l o w i n g i s o b s e r v e d , i r r e s p e c t i v e o f t h e p r o c e d u r e : a f t e r a few m i n u t e s , t h e i n g o t i s b r o k e n i n t o c o a r s e p i e c e s = O . l m m i n s i z e , and t h e n i n t o a f i n e r powder ( 1 0 t o 50 p m i n d i a m e t e r a f t e r a b o u t 5 h o u r s ) . The e v o l u t i o n a t l a t e r s t a g e s depends i n a c r u c i a l way on t h e n a t u r e o f t h e b a l l u s e d and o f t h e atmosphere. t h e l i t e r a t u r e . On t h e c o n t r a r y , i f m i l l i n g i s p e r f o r m e d i n vacuo , t h e m e t a l l i c powder s t i c k s t o t h e v i a l a n d g e t s compacted i n t h e form o f a c o n t i n u o u s m e n i s c u s which c o v e r s t h e b o t t o m of t h e v i a l ( f i g . 4 ) . I n t h i s c a s e , o n l y t h e t h i n n e r p e r i p h e r y o f t h e f o i l i s f u l l y amorphous. The c e n t e r p a r t , 2 mm t h i c k i s amorphous i n t h e u p p e r p a r t o n l y . A s u s u a l , some t u n g s t e n c a r b i d e c o n t a m i n a t i o n i s o b s e r v e d when u s i n g t h e WC b a l l .
A t s t i l l l a t e r s t a g e s (>l00 h o u r s ) , t h e e v o l u t i o n o f t h e compound depends d r a m a t i c a l l y on t h e atmosphere. Under some oxygen p a r t i a l p r e s s u r e , t h e a l l o y s decomposes i n t o t h r e e d i s t i n c t p h a s e s : Z i r c o n i a , p u r e N i c k e l and an unidentified intermetallic compound.That the oxidation of amorphous ZrX alloys (X= Cr, Cu) leads to the rejection of X is a well established fact / 4 / .
More unusual is the observation that, in vacuo , the structure obtained at earlier stages remains stable : the metallic foil still covers the bottom of the vial. Whether or not the thickness of the amorphized layer increases with milling time is not yet clear. We have proposed a very simple analysis of energy transfers occurring in ball milling on a vibrating frame, as well as preliminary results on solid state amorphization of NiloZr7 in a modified device allowing for good vacuum to be maintained in the course of milling.
The mechanistic analysis shows that the energy transferred at each impact, by the ball to the material being processed, scales with mA2w2a, and that the impact frequency goes as wA/g.
